T wo hundred fifty million children in low-and middle-income countries are at risk for intellectual im-pairment.
1 Nutrition plays a key role in the structural and functional development of the human brain from conception to adolescence. In countries where micronutrient deficiencies are common, 2 the in-ability to fulill the increased requirements for micronutrients during pregnancy is potentially adverse to child development.
2,3
Nutritional intervention is a cost-effective approach to improving child development. 4 Interventions can be introduced at any stage, but evidence shows that antenatal micronutrient supplementation would help maximize cognitive development throughout life. 5 The association of micronutrients with birth outcomes and infancy development has been examined in a systematic review 6 and many randomized clinical trials, including a cluster, randomized, double-blind clinical trial conducted in rural western China.
7-10
Key findings from this trial-antenatal micronutrient supplements significantly reduce the risk of adverse birth outcomes, including low birth weight and neonatal death, with the largest advantages seen in poor households-are reported elsewhere. 7, 8 Further evaluations of these findings were planned to examine the long-term association of supplementation with child development. At age 1 year, children who received multiple micronutrient supplementation demonstrated substantial improvements in mental development compared with those who received folic acid or folic acid plus iron. 9 However, at the second follow-up evaluation conducted at age 7 to 10 years, no substantial association was found between micronutrient supplementation and cognitive function.
10
The third follow-up evaluation, discussed in this article, was conducted at age 10 to 14 years. Regular observations over time have enabled the reduction of recall bias. To our knowledge, few cohort studies of micronutrient interventions have been conducted, let alone studies that span more than 14 years. For the present study, our primary aims were to assess the long-term association of antenatal micronutrient supplementation with adolescent intellectual development and to evaluate the evidence of a dose-response association between the initiation of supplementation and the total number of supplements consumed. Modified effects by household wealth were also evaluated.
Methods

Ethics Approval
The adolescent development evaluation for the study was approved by UNICEF (United Nations International Children's Emergency Fund) and the ethics committee of the Xi'an Jiaotong University Health Science Center in Xi'an, Shaanxi, China. Written patient informed consent was obtained from each parent or caregiver, and oral consent was received from the adolescent participants after the purpose of the study was explained.
Study Design and Participants
Adolescent offspring of women who participated in the cluster, randomized, double-blind clinical trial of micronutrient supplementation in pregnancy (http://www.isrctn.com/ Identifier: ISRCTN08850194) were recruited. All pregnant women in the villages in 2 rural counties in western China were randomized to take a daily capsule of either folic acid, folic acid plus iron, or multiple micronutrients from August 1, 2002 1, , through February 28, 2006 . These details have been described elsewhere. 8 Follow-up was conducted from June 1, 2016, through December 31, 2016 , when the offspring were in early adolescence (aged 10-14 years). Information on the children, including name (and parent name), birth date, sex, address, and telephone number, was sent to the village physicians and was used to confirm offspring survival and school and to seek consent from parents or guardians to enroll in the present study. The local education bureau in Binxian and Changwu counties gave us permission to conduct the study in schools. Offspring with a major congenital abnormality, who died, or from multiple births were excluded.
Data Collection: Related Covariates
Anthropometric parameters were measured with standardized techniques and expressed in SDs from age-and sexspecific references for World Health Organization growth standards, including body mass index (calculated as weight in kilograms divided by height in meters squared) for age z score and height for age z score. 13 Maternal demographic and household information were collected at enrollment. 8 The initiation of micronutrient supplementation was determined by the first time the micronutrient capsules were distributed to the women. The total supplements consumed were calculated by the number of capsules the women took. 8 For the present study, we interviewed participants to collect current characteristics, household wealth status, and type of school (village, town, or county level). Participants, fieldworkers, and statisticians were blinded to the treatment group status until the primary analyses of follow-up data, based on the dummy treatment codes, were complete. Data analyses took place from April 1, 2017, to June 20, 2017.
Statistical Analysis
Primary analyses were based on intention-to-treat principles. Multiple imputation was used to attribute values for the missing outcomes (n = 27), taking the adolescent offspring's age, sex, type of school, household wealth, and treatments as covariates with 20 imputed data sets.
14 Characteristics of lost and followed-up participants as well as those across treatment groups were compared using analyses of variance and χ 2 tests. Mean differences and 95% CIs between groups for intellectual development were calculated, using generalized estimating equations with an independent correlation structure to adjust for assessors of intelligence tests. We fitted Poisson regression models with log-link and independent correlation structures to estimate adjusted relative risks (RRs) and 95% CIs for delayed intellectual development, defined as test scores below the 20th population percentile according to the norm of the Chinese WISC-IV. 12 The possible covariates we considered were parental age, educational level, and occupation; household wealth; maternal midupper arm circumference at enrollment, parity, and small-forgestational-age outcome at birth; and adolescent sex and type of school. Small for gestational age was defined as birth weight below the 10th percentile of weight for age and sex according to the International Fetal and Newborn Growth Consortium for the 21st Century standards. 15 Household wealth was estimated from an inventory of 17 household assets or ownership of goats, cattle, horses, and poultry by principal component analysis. 16 Wealth was classified into tertiles of poorest, middle, and richest.
To examine the modifying effects of micronutrients, we stratified by initiation time of micronutrient supplementation (<12 weeks of gestation vs ≥12 weeks of gestation), total number of consumed capsules (≥180 vs <180), and household wealth during pregnancy or currently after statistical tests for the interaction terms between treatments and modifiers.
All analyses were determined a priori. Statistical significance was set at a 2-sided P < .05. The FSIQ was taken as the primary outcome, and aspects of verbal comprehension, working memory, perceptual reasoning, and processing speed indexes were taken as the secondary outcomes. All analyses were conducted using Stata, version 12 (StataCorp LLC). Figure 1 shows the flow of participants. Most baseline characteristics were balanced between lost and followed participants except for paternal educational level, gestation weeks at enrollment, and parity ( Baseline Maternal, Adolescent, and Household Characteristics Table 2 and Table 3 present baseline characteristics, which were balanced across treatment groups except for paternal education and adolescent mid-upper arm circumference. From grade 4 through grade 9, the mean FSIQ scores in adolescents increased by 2.52 points per school year. Table 4 shows mean intellectual scores by treatment. The mean (SD) intelligence scores were higher in the multiple micronutrient treatment group (98.5 [12.7] ) compared with the folic acid plus iron group (96.9 [11.6]) or the folic acid group (97.2 [12.4] ). After adjusting for covariates, the multiple micronutrient treatment group was significantly higher for FSIQ (adjusted mean difference, 1.13; 95% CI, 0.15-2.10) and verbal comprehension index (adjusted mean difference, 2.03; 95% CI, 0.61-3.45) compared with the folic acid group. In addition, the multiple micronutrient group was significantly higher for FSIQ (adjusted mean difference, 1.37; 95% CI, 0.43-2.32) and verbal comprehension index (adjusted mean difference, 1.71; 95% CI, 0.21-3.20) compared with the folic acid plus iron group. The unadjusted results were similar to the adjusted result patterns.
Results
Followed Participants
Micronutrient Supplementation and Intellectual Development
In terms of delayed intellectual development, results were similar with the lowest proportion in the multiple micronutrient group. A substantial protective association of multiple micronutrients with verbal comprehension index was observed only in the multiple micronutrient group (adjusted RR, 0.78; 95% CI, 0.63-0.96) compared with the folic acid group (eTable 1 in the Supplement).
Initiation Time and Total Consumption
The P values for interaction between treatments and modifier were significant for FSIQ and verbal comprehension index (t = -2.06; P = .04 and t = -2.42; P = .02) (eTable 2 in the Supplement). The highest intellectual scores were observed when the women initiated supplementation before week 12 of gestation and consumed 180 or more capsules. As shown in Figure 2 (eTable 3 in the Supplement), among this substratum, multiple micronutrient supplementation was associated with a 2.16-point higher FSIQ (95% CI, 0.41-3.90) and a 4.29-point higher verbal comprehension index (95% CI, 1.33-7.24) compared with folic acid supplementation. Conversely, when micronutrient supplementation was initiated late (≥12 weeks of gestation) and with an inadequate dose (<180 capsules), the multiple micronutrient group had significantly higher intelligence scores than the folic acid plus iron group except for perceptual reasoning index. The adjusted mean difference score for FSIQ was 2.46 (95% CI, 0.98-3.94) and for verbal comprehension index was 2. 45 (95% CI, . In this substratum, mean scores in the folic acid plus iron group were lowest, and the estimated association approached significance for FSIQ (adjusted mean difference, -1.49; 95% CI, -2.86 to -0.12) and processing speed index (adjusted mean difference, -1.80; 95% CI, -3.39 to -0.19) compared with the folic acid group. No substantial differences were found between the multiple micronutrient and folic acid groups. Among the "other" substratum, no substantial associations were observed.
When delayed intellectual development was considered (eTable 4 in the Supplement), similar patterns of modification by initiation and total supplements consumed were observed. Multiple micronutrients were associated with the decreased risk of delayed intellectual development on the FSIQ and verbal comprehension index.
To ascertain the modifying effects of initiation and total consumption, we stratified analyses by these factors (eTable 5 and eTable 6 in the Supplement). When mothers initiated supplementation before week 12 of gestation or consumed 180 or more capsules, the multiple micronutrient group had substantially higher scores than did the folic acid group, but the significant differences on FSIQ were found only in the substratum of initiation before week 12 of gestation. Among mothers who initiated supplementation after week 12 of gestation or consumed fewer than 180 capsules, the mean differences in some scores were significant between the multiple micronutrient group and the folic acid plus iron group, and the scores in the folic acid plus iron group were lowest.
Modifying Effect of Household Wealth
Although the P values for interaction between treatments and household wealth during the mothers' pregnancies were not significant (eTable 2 in the Supplement), the adolescent offspring from wealthier households in all treatment groups scored approximately 5 points higher on all intellectual tests (eTable 7 in the Supplement). In addition, substantial association among treatments was found only in wealthier households.
Discussion
Multiple micronutrient supplementation was associated with a significant increase in FSIQ for adolescents aged 10 to 14 years compared with folic acid with or without iron capsules. Moreover, the intellectual development advantages of antenatal multiple micronutrient supplementation could be doubled within the substratum of supplementation initiated early (<week 12 of gestation) and with adequate dose (≥180 capsules) compared with folic acid alone. 
Interpretation of the Findings and Comparison With Other Studies
In the present study, the FSIQ scores increased by a mean of 2.52 points per school year. From this perspective, the advantages of antenatal multiple micronutrient supplementation, when compared with those of folic acid or folic acid plus iron, were equivalent to the increase in scores for approximately half a year of school. In addition, the findings that multiple micronutrients could significantly reduce the risk of delayed intellectual development on verbal comprehension index suggests that the association of multiple micronutrients with cognitive development has a clinical significance. Only 2 similar randomized trials have examined the effects of micronutrient supplementation on intellectual development in older children aged 9 to 12 years. 17, 18 The results from the Indonesia trial 17 showed that antenatal multiple micronutrients compared with folic acid plus iron, supplements among the substratum of anemic mothers were beneficial to children's general intellectual ability. However, another follow-up study from Nepal, based on a smaller sample size, did not observe the benefits of multiple micronutrients compared with folic acid plus iron on children's overall intelligence.
18
Other randomized trials that examined the effects of maternal micronutrient supplementation on cognitive development among younger children had inconsistent findings. In a study in Indonesia, with a sample size of 487 children aged 3½ years, significant benefits of multiple micronutrients were observed but only in high-risk subpopulations, including undernourished or anemic mothers.
19 Similar patterns were evident from randomized trials in Bangladesh and Tanzania, although their effects were not statistically significant. 20, 21 In our study, the dose-response association of supplementation and the inconsistent results from other studies suggest that multiple micronutrients supplementation may provide longterm positive outcomes only with sufficient dose-namely, initiating supplementation early and continuing it for at least 180 days (≥180 capsules consumption). A recent meta-analysis of 17 randomized trials showed that the association of multiple micronutrients with birth outcomes was greater with high supplementation adherence (≥95%). 22 Furthermore, the separately stratified analyses by initiation time and total consumption (eTable 5 and eTable 6 in the Supplement) show that the significant differences in FSIQ scores between multiple micronutrients and folic acid supplementation were found in the substratum of initiation before week 12 of gestation but not in the substratum of consumption of more than 180 capsules, which emphasizes early initiation on improving cognitive development.
One study reported contradictory finding that antenatal folic acid plus iron, but not multiple micronutrients, was positively associated with intellectual functioning in early school- a Data are missing for maternal educational level (n = 7), paternal educational level (n = 6), maternal occupation (n = 13), paternal occupation (n = 6), maternal MUAC (n = 24), birth weight (n = 92), small for gestational age (n = 135), adolescent height (n = 26), weight (n = 26), and MUAC (n = 41). aged children. 23 Whether iron supplementation has an association with child mental development (iron is needed for proper neurogenesis and myelination during fetal neurodevelopment) is a controversial topic. In the present study, the advantages of multiple micronutrients supplementation compared with folic acid plus iron became insignificant within the substratum of initiation before week 12 of gestation and with consumption of more than 180 capsules, which suggests that folic acid plus iron may be associated with mental development under some conditions. A previous study found that antenatal iron-deficiency anemia was negatively associated with infancy mental development and that sufficient iron supple- In accordance with findings from the Nepal study 23 and those of another report, 24 we hypothesize that prenatal iron supplements are beneficial to child intellectual development in subpopulations with a high prevalence of iron-deficiency anemia. This hypothesis is supported by a systematic review that concluded that iron supplementation in nonanemic pregnant women did not alter child mental development.
26
In this context, the intellectual test scores of adolescents in the folic acid plus iron group were the lowest among the substratum of initiation in or after week 12 of gestation and with consumption of fewer than 180 capsules; this finding is unlikely to be attributable to the negative outcomes of iron supplementation. In a previous report, folic acid plus iron was associated with reduced early neonatal mortality compared with folic acid alone, regardless of infant intelligence. 8 The iron dose in the present study was insufficient to correct intellectual levels. Consequently, the findings suggest that folic acid plus iron had a larger association with birth outcomes than with subsequent mental development with the dose of 60 mg per day examined in the original trial. 8 The findings also suggest that multiple micronutrients supplementation was better than folic acid plus iron at improving cognitive development in offspring when mothers initiate supplementation late and/or do not receive enough micronutrients.
The nonsignificant interactions between treatments and household wealth suggested that the long-term outcomes of micronutrient supplementation were not modified by family economy. However, the stratified analyses (eTable 7 in the Supplement) showed that adolescents from wealthier households in all treatment groups scored approximately 5 points higher on all intellectual tests compared with those from poor households, which were higher than the effect sizes that supplementation achieved. Given that poor women have less adequate diets and greater micronutrient deficiencies 27 and richer families may have more stimulating environments, we assume that micronutrient supplementation may not be sufficient for improving adolescent intellectual ability in poor households and that other interventions after birth (eg, promoting exclusive breastfeeding) may be essential for reaching child development potential.
Implications for Public Health Interventions
To address the widespread micronutrient and iron deficiencies, especially for pregnant women, in low-and middleincome countries, UNICEF and the World Health Organization have, over the past decade, been conducting a series of trials that compare antenatal multiple micronutrients with folic acid plus iron supplementation. 28 Recent systematic evaluations support the part that multiple micronutrients, containing iron and folic acid, play in improving birth outcomes 6 and reducing 6-month mortality rates with indicators of nutritional deficiency. 22 The systematic evaluation of 6 randomized trials found no consistent differences in cognitive func- 
Strengths and Limitations
To our knowledge, this 14-year follow-up is the longest study of its kind, spanning a period from pregnancy to the early adolescence of children from that pregnancy. Set in rural western China, this study has comprehensively examined the association of micronutrient supplementation with adolescent intellectual development. The original trial was a large randomized clinical trial with assessors and participants blinded to the treatment allocations. The WISC-IV is a widely accepted evaluation tool, was culturally appropriate as it was localized in China, and could assess not only general intellectual ability but also aspects of cognitive ability. In addition, the adolescent participants were sensitive to intellectual tests, which guaranteed enough power to detect the associations of micronutrient supplementation. Our findings should be considered within the context of some limitations. In the present study, 2370 (52.8%) of 4488 adolescents were lost to follow-up, a rate that is higher than the 30% lost rate in the Indonesia study. 17 The mean ages were approximately 1 year younger than in our study, but the total sample size assessed by intellectual tests was larger than in other studies. 18, 19, 21, 23 Because of the rapid economic development and massive migration in rural China, many mothers and their offspring have moved out of the study areas. However, our results are still representative because neither loss of subjects nor baseline characteristics between treatment groups was biased. In addition, both the subgroup analyses ( Figure 2 ) and sensitivity analyses (eFigure in the Supplement) show that our results were robust. One weakness of this study was the heterogeneity between the assessors who administered the intellectual tests. The assessors were trained, and the scores were checked by the field team leader, but we found significant associations between the assessors and the FSIQ scores. We mitigated this problem by adjusting for assessors as a group variable in generalized estimating equation models. Another weakness was that we did not include all possible covariates, such as consumption of alcohol and drugs in adolescence, mainly because of the low levels of alcohol and drug use by the adolescents in our study areas. The generally positive findings in this follow-up study were different from the insignificant findings from the previous followup, when the children were aged 7 to 10 years. 10 This findings may be a result of the larger sample size in the present study (2118 vs 1744), and older children are more sensitive to intellectual tests and free from the floor effects.
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Conclusions
Antenatal multiple micronutrient supplementation was associated with a significant improvement in adolescent intellectual development compared with folic acid plus iron or folic acid alone. Initiating supplementation in the first trimester (before week 12) of pregnancy and continuing it for at least 180 days were associated with the greatest advantages for offspring. 
